Abstract. Breaking without air entrainment of very short wind-forced waves, or microscale wave breaking, is undoubtedly widespread over the oceans and may prove to be a significant mechanism for enhancing the transfer of heat and gas across the air-sea interface. However, quantifying the effects of microscale wave breaking has been difficult because the phenomenon lacks the visible manifestation of whitecapping. In this brief report we present limited but promising laboratory measurements which show that microscale wave breaking associated with evolving wind waves disturbs the thermal boundary layer at the air-water interface, producing signatures that can be detected with infrared imagery. Simultaneous video and infrared observations show that the infrared signature itself may serve as a practical means of defining and characterizing the microscale breaking process. The infrared imagery is used to quantify microscale breaking waves in terms of the frequency of occurrence and the areal coverage, which is substantial under the moderate wind speed conditions investigated. The results imply that "bursting" phenomena observed beneath laboratory wind waves are likely produced by microscale breaking waves but that not all microscale breaking waves produce bursts. Oceanic measurements show the ability to quantify microscale wave breaking in the field. Our results demonstrate that infrared techniques can provide the information necessary to quantify the breaking process for inclusion in models of air-sea heat and gas fluxes, as well as unprecedented details on the origin and evolution of microscale wave breaking.
Introduction
The role of deep water wave breaking in limiting wave growth and as a source of turbulent mixing has motivated a rich and continuing history of research on the importance of breaking waves in air-sea interaction [Banner and Peregrine, 1993; Thorpe, 1995; Melville, 1996] . In general, wave breaking is the process by which a portion of the fluid near a wave crest overtakes the form of the wave, becomes turbulent as it spills down the forward slope, and ultimately leaves behind a decaying turbulent wake. In this context, breaking waves that entrain air and thereby produce whitecaps are simply the most intense and visibly obvious type of a phenomenon that occurs over a wide range of scales. Banner and Phillips [ 1974] coined the term "microbreaking" to describe the breaking of very short gravity waves without air entrainment, noting that microbreaking, or microscale breaking, is far more widespread than whitecapping. The widespread occurrence of microscale wave breaking suggests that its cumulative effect on the fluxes of heat and gas across the air-sea interface may be significant, especially for moderate wind speeds [Banner and under conditions of moderate wind speed. Here we present new and intriguing measurements showing that microscale breaking waves produce thermal surface signatures that are consistently detected by infrared imaging techniques. Evidence from the literature suggests that the microscale breaking waves responsible for these thermal events are the source of the turbulent "bursting" structures observed beneath laboratory wind waves. The conceptual model we present, which explains our infrared observations, suggests that thermal detection of microscale wave breaking may serve as a de facto definition of the phenomenon itself. Our results demonstrate that infrared techniques can provide the information necessary to quantify microscale breaking in order to determine its role in the exchange of heat and gas across the airsea interface. Furthermore, infrared techniques should provide unprecedented details on the origin and evolution of microscale wave breaking.
Infrared Signature of Microscale Wave Breaking
Under most circumstances, a net upward heat flux from the ocean occurs primarily by molecular conduction through a thermal boundary layer, or skin layer, at the ocean surface. As a result, the "skin temperature" at the top of this layer is a few tenths of a degree Celsius cooler than the bulk temperature immediately below the skin layer [Katsaros, 1980; Robinson et al., 1984 ]. The conceptual model in Figure 2 portrays the disruption of this cool skin layer by a microscale breaking wave. Turbulence generated by the breaking process momentarily disrupts the skin layer and transports warmer water from below to the free surface such that the skin temperature within the resulting turbulent wake is approximately equal to the bulk temperature. As the turbulent wake subsides, the surface cools, and the skin temperature returns to its original value at a rate which increases with increasing ambient heat flux [Jessup et al., 1995] . Detection of infrared radiation provides a remote measurement of the skin temperature since the optical depth, about 10 pm, is at least one order of magnitude less than the skin layer thickness. An infrared imager therefore is ideally suited to detect and quantify the renewal of surface water by individual microscale breaking events.
In the course of a recent laboratory study focusing on largescale breaking [Jessup et al., 1995 [Jessup et al., , 1997 ] limited measurements of wind-generated waves (in the absence of large-scale breaking) revealed the infrared signature of microscale breaking waves. Because this experiment at the Canada Centre for Inland Waters (CCIW) in Burlington, Ontario, was not specifically designed to study microscale wave breaking, the quantitative measurements [1987] reported that koe increases linearly with the total mean square wave slope, which suggests that deficiencies in gas transfer models and discrepancies among laboratory and field results may be overcome by considering wave-related parameters. The established importance of waves to gas transfer, combined with the surface disruption due to microscale breaking waves demonstrated here, implies that microscale wave breaking may indeed be a likely mechanism for enhancing koe. indicates that our present infrared capabilities combined with improved video measurements will provide unprecedented details of the microscale breaking process, such as the exact location of initial surface disruption. The images in Figure 8 of microscale breaking in the presence of swell show that infrared techniques can be used to detect enhanced microscale breaking due to longwave/short-wave interaction. Preferential breaking of very short gravity waves along the phase of long waves has been suggested as the mechanism responsible for modulation of the skin temperature by swell waves [Jessup and Hesany, 1996] . In the area of microwave remote sensing, recent modeling of radar backscatter has been based on scattering from either the bore-like crest [Trizna and Carlson, 1996] or the parasitic capillaries [Plant, 1997] of microscale breaking waves.
Concluding Remarks
Microscale breaking waves disrupt the skin layer and produce thermal surface signatures that can be quantified by infrared imaging techniques. As far as we know, these are the first published measurements of the infrared signature of microscale breaking waves. The infrared techniques we have outlined provide a new and objective measurement method for identifying and quantifying microscale breaking waves despite their low visual contrast and small scale. Furthermore, our observations suggest that the infrared signature of microscale wave breaking may serve as a practical means of defining the phenomenon itself.
We have demonstrated the ability to obtain the frequency of occurrence and the areal coverage of microscale wave breaking. The limited measurements presented here show that the fractional area of water surface affected by microscale wave breaking can be substantial under a moderately forced laboratory wind wave field. The frequency of microscale wave breaking was roughly one-third that of the dominant wave. Evidence from the literature suggests that downward "bursting" phenomena observed beneath laboratory wind waves are likely produced by microscale wave breaking. However, the frequency of microscale wave breaking we measure is significantly higher than the frequency of bursting reported by others, implying that not all microscale breaking waves produce these "bursts." Other readily available quantities of interest include the rate of recovery, the intensity, and the duration of microscale wave breaking events. Examples of ocean measurements demonstrated that these techniques may also be applied in the field. Infrared techniques should provide the quantitative measurements necessary to incorporate microscale wave breaking into models of heat and gas flux at the air-sea interface. Moreover, extraordinary details on the origin and evolution of microscale breaking waves are provided by infrared techniques.
